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THUNDERSTORMS -.—~-

and G. T. Pelsor

.—

The time histories of thuniierstorm charge distribution
during three storms occurring during the summer of “~X46- in
the vicinity of the Albuquerque airport were i.nve~”tigated
by the use of eight synchronized recording electrometers ““-‘-”
arranged in a particular pattern over afield 1.6 kilo-
meters above sea level. The ia.struments produced simul- “- ::
taneous records of the changes in the surface potential ‘“ ‘=”
g~adient caused by lightning strokes and each one had a .. .

timo-rc+solving power of 0.01 second. ..... -.—-.-=_._..
.-

iiorizontal and vertical cross-sectional diagrams are
presented to show the instantaneous midinterval positions;
the signs, and the magnitudes of all charges involved in
strokes during specified uniform time intervals. A study
of the distribution of the charges showe”d that it was

..._
.

possible to identify definite regions of charge that per-
sisted for i~ltervals from 10 to greater than 30 mlinutes.

..::

These regions traveled with moving storms and had approx- - “’-’+
imately the same velocity as the heavier rain sheetS. “l’n”--” .:
one case where. it was possible to compare the average Teloc-
ity of the charge regions with the a-vorage wind Velocit-y”iii —-~

the charg~ levels in advance of thee storm, the two velo”citi.as- “
.

agreed within IQ percent.
.

.—. ..—-~ ...-.—4
. . .

INTRODUCTION .,—_
.—.=

The study of the distribution of charge in a thunders-
torm is of importance both in the problem of determin”~tig L.- ..

the fundamental nature of thunderstorm yrocess”es atid in the
consideration of the safety of aircraft. The great cogplex-” “--”~~
ity of thunderstorms and the difficulties of making r61ia%Z5’”--–_1
experimental observations under thunderstorm” conditions” “have” ‘—
made progress in the fieid very slow. Since 1929 there hatie “’–-”
been published the results of a num%er of investigations -
(references 1, 2, and 3) that have been carried-out in an- “-

-. -.

._.—
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attempt to determine the broad featmes of thunderstorm
charge{ .dis~fibfit.ionby measurements .atithe surface of the
earth or by measurements obtain-cd from free balloons sent
into thunderstorms. These results have been supplomenteii
by observations (reference 4] of pilots who ~vo flown
through thunderstorms. In an attempt to obtain a direct
quantitative approach to the pro~lem, there has been de-
vised a method:,of studying charge ,st.ru~~r.e .hy making
simult.an~ously recorded measurements. of the” potential
gradients’ and changes in potentia~ gradient’s a! a number
of st-ations at the surface of the eazthf.

In reference 5 are reported,”so~,e;experi’~erits made
in 1939 in which the potential-gradient .re&orders were
of a generating-voltmeter type that had a 10jw time~re-
solving power. Nor the experimental escribed herein,
recorders that measure potential-gradient changes with
a higher time-resolving power than the fl.rst”-gentl.onod—
recorders were designed and cons~”ructed in order to obtain
a more complete pictura of charge. structure. The quanti-
tative result-s obtained are prssznted and t~oir b~arin.g
on the problems of” thunderstorm structure. ~n,d airc-raft.,
saf’oty are ‘di,scussedi The authors wish to ackow.ledge...
the cooperation of the staff at the A3.buquerquo station
of the United States Weather Bureau and, in particular,
that of Mr. E. L. Hardy, former o~ficial in charge. Tho
writiers also wish to exyress their appreciation of the -
val.uablo services of Mr. Herschel Snodgra6s for mainto- .
nance of-the ‘field equfpment a~d ,ald in the aqalysis; of
Mr. Max Bloakney for assistmm$e’ ’in”cobs’tructi”on of the
instruments and in field o’bservtitions; of Mrs. E. J.
Workman for assistance with observations; of Messrs.
Dfivid Lyon, Lee Jay,. Jo:hn,3dTj’e,r.,and Sydney Opic for
assistmco in laboratory and field.
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THEORY OF METEOD
.—.

. . ..4.—=

Any attempt to determine c“harge structure “above the
.0

surface of the earth by means of tiurface-.gradient measure-
ments is based on the assumption that the earth is an ex-

T

teusive conducting body and that the net charge induoed on
the earth in the vicinity of the cloud is equal in magnitude =
and opposite in sign to the net cloud chargo aho.ve the sur-
face. In the simplest case with a singlq concantratod, or .
spherically symmetrical, charge above a plane surface of
great extent the potential gradient (proportional to tho
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induced surface density Q$ charge) at any point on the
surface of tho earth may be calcul.at~d simply by” the method
of electrical images. Ei, the normal potgntial gradient
at a point on the plane with coordinates ~fa” Yj.s ~~

.J

(1)

in electrostatic units, vherex, y, z are the space
coordinates of the charge and Q “is its mag”niiud6-i It is
at once evident that, if the charge is to be located a-b”ove
the plane and its magnitude is to be f“ixed by measurement
of surface gradients, the gradiegt must be simultaneously
observed at four points because there “are to be determined
the four unknowns: x, y, z, and Q“ The four measurements
will yield four simultaneous equations similar to equation.
(1). In a like manner, if there were n ‘c-barges abpye the
plane, all of them could presumably be located and their
magnitudes specified by solying 4n simultaneous equatioas, -
each” having n terms similar to the r-i”ght-hand side oj?
equation (1). If n is a numb”er larger th~n”two. or th-ree,
even if ‘methods o“f soluti”on can he devi~odi the labor ~ti-
volvcd in the:~solution “o’fthe equations become-s “prohibitive”:. ,-.

Fortunately; the thunderstorm itself provides a very
important simplifying factor that makes it possible to
locate the most significant storm char”ges.

---
A lightnirig

stroke will, in general, discharge, a limi-tendregi”on”of
charge of one sign in the case of a. singl”e cloud-ground~~

—

stroke and t-wo limited re~ions of charge of op”pos-ite sign
in the case of a single stroke within the” c-loud. – Tf me~s- ._._
urements of potential gradients are confined to the charges
involved in lightning strokes, the positions and magnitudes
of the charges in the regions of greatest activity will be
determined and the method of knalysis will involve only the
location of’ single charges or charge dipoles. Under these
circumstances, charge positions and magnitudes ca~ be deter-
mined by gradient moasuremonts at seven stat”ions at tho sur-
face. Seven stations can be used, inste:ld of eight. because
the charges of a dipolp are equa} in mngnitudo. The calcu-
lations involve the soluti,o-n of ~eyen” simultaneous eqtititions. ._
In the present, te~ts ‘~igh.t recording st~tion~ “here used as
a measure of safety to permit analysis ‘in case “o’f”failure
of one instrument. L :i-:
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Inasmuch as the potential gradient at any point on
a

the earth!s surface is the resultant of the gradients pro-
duced .at that point by all charges in the storm, the part
of the gradient due to the charges neutralized by a light-

●

ning stroke will be the change in gradient that occurs dur-
ing the stroke. Many lightning strokes consist of multiple
discharges over the same conducting channel at intervals of
the order of magnitude of a few hundredths of a second; a
gradient recorder cayable” of resolving one-hundredth second
or 1sss is therefore necessary if a large percentage of thg .–.._
strokes of a single storm is to be analyzed. Rapid recorders
were therefore designed to resolve the more complicated
strokes into single elements
dipoles,

FUNDAMENTAL

draining single ch~rges or —

ASSUMPTIONS

The location of charge structure by the met%od described -
herein involv= several assumptions that should be examined.

●

1. It is assumed that the earth is a conducting plane.
The conductivity of the earth has long been established by
other methods of measurement and is sufficiently graat for
the purposes of this study. The following data on topography
show that the site chosen for the observations approximated “
a plane. !lhe inst-rument field, located to the east of
Albuquerque, is about 6 kilometers in diameter and has a ‘
maximum difference of elevation of 0.075 kilometer. Al 1
the land withfln 10 kilometers of the.center of the field
differs from it in elevation, by less than 0.25 kilometer.
The Sandia range, which reaches an elevation of 1.2 kilo-
meters above the instument field 15 kilometers to the east
and an elevation of 1.7 kilometers above the field 21 kilo-
meters to the’ncirtheast, cannot produce appreciable distor-
tion of the measured surface gradients at this distanca ~
from the instrument field.

f

2* It is assumed that the charges are concentrated
or spherically symmetrical. It is at once evident that
this assumption cannot be exactly satisfied; hence? some
estimate of the effect of charge asymmetry should ba made.,,
The best evidence for the validity of the assumption lies

. in the fact that definite solutions are abtained for charge
structuro involved in a very largq percentage of all liOht-
ning strokes when this assumption .1s used.. It is of interest,
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howeveyl to make some estimates of the volume occupied
by a cha~ge.

It may be assumed, for purposes of Calculation, tilat
the charge is spherically symmetrical and has uniform density.
Under these circumstances th,e.max,imum potential gradient,
which will occur at the surface of the chargaj is given by

—

the relation

E= 90 Q/Ea (2)

where E is in volts per cantimater , Q in coulombs,
and R in kilometers. If it is assumed, as in rcf~rence
6, that tho breakdown gradient within the cloud is 10;000
volts per centimeter the maximum radius of any sp”hcrica~ .
charge of,magnitude Q can be esti,matod:

0.095 J;R= “- (3)

A charge of 26 coulombs would .havc a diameter of about 1
kilometer. The actual volume of the charge “would probably
be somewhat larger than this value hut not of a different
order .of magnitude.

—

Several calculations of surface gradients produced by
nonuniform distributions of charge wit-bin a volume 2

-kilometers in diameter and 5 kilometers above the surface
were made. The more unfavorable distributions produced
surface gradients that differed by less than 10 percent
from those due to a uniform charge distribution. The cal---
culations show that at distances of several kilometers abo”=8—–”—-—
the surface the shape of the charge will not materially
affect its location provided that its maximum linear---dimen-
sion is not greater than 2 kilometers.

3. It is assumed that the only significant charge. ?efi.is-
trilutions in the thunderstorm durin~ the short interval of
the lightning stroke are the ones that are due to charge
transport in the stroke itself. While all the charges”-fn -
a thunderstorm are space charges in the broadest sense,-
two types may be distinguished:

——.
!The,charges that are at-

tached to water drops and the charges due to. concentratiofis
of atmospheric ions, The nobilities of the two types of-
charge are enormously different and it may be safely assumed

.
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that during the interval in which a lightning stroke occurs “ * -
the charges on drops not in the immediate vicinity of the
stroke itself are ~tationary. Laboratory experiments on
the mobility of atmospheric ions give values of 1.4 and

●

1.8 centimeters per second per volt per centimeter for
positive and negative ions, respectively. Near the sur-
face of the earth, where the gradients. are characteristi-
cally of the order of 100 volts per centimeter, the veloc-
ities of atmospheric ions would be of the order of magnitudo
of 100 centimeters per second. During a long stroke, per-
sisting for 0.1 secor.d, the ions would move about 10 centi-
meters. In general, the ~onic displacement will be appre-
ciably less t,ha”nthe. displacement $ust given and will
generally p’reduce negligible alteration of the space charge.
The ve-locities of atmospheric. ions closer to the charge cen-
ters may be 100 o~ more times greater than they are at the
surface, but their greater distance from the recording in-
strumenti-swould make this effect qui~e negligible.

The possibility remains that a change in gradient at
.

“ the surface might sweap some of these ions to the electrode
of the recording instrument. If it is assumed that the ●

charges in a volume 10 centimeters deep just above the
electrode of the field instrument are swept to the electrode
during the stroke and if the charge density wore groat
enough to produce a vertical gradient of the potential
gradient equal to 1 volt per centimeter por ccntimotor,
the error introduced is 10 percent when the gradient is
100’ volts pcr cent~immter. Inasmuch as thogo asstimcd values
are extreme, “this effect can bo safely ignored in practice.

FIIILD APPARATUS

The field apparatus consisted of eight separ~.te re-
cording stations. Each station (fig. 1) consisted of a
cylindrical steel tank 3* feet in diameter and 6 -Ii
deep provided with a top L that could be lifted and
rotated about a vertical shaft “S to permit entrance
for servicing equipment-; The top of the .ta.nkwas fitted
with a circular steel electrode E 3* feet in diameter,
insulated from the top by means of ‘a“~{ax-covered glass
insulator. The recording apparat~s; .R was placed In an
offset welded to the tank 2 feet~bove the bottom. The
recording apparatus consisted of aauartz-fiber string
electrometer, electrometer batteries, a 500-watt projec-
tion lamp, a condenser 1=.ns for illuminating tho fiber, a
recording camera, and a synch”roaous motor and gear train
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for dr~~ing the film. The electrometer fil)er was connected
to the electrode abcme the tank by a metal chain and also
to ground through a 1000 megohm resistance, so that it re-
mained at” ground potential. except during rap”id chaige~ in
the potential gradient at the electrode. The time constant
of the eloctrometar system was thus adjusted to approx”imatcly
1 second and the period of tho electrometer to approximately
0.01 second. The deflection of the electrometer was magni-
fied 10 tines by the achromatic lens of the recording c&mera.

The camera magazine held 100 feet of 16-mi.llimeter
motion-picture film that was driven continuously at th”e”
rate of one frame (0.3 in.) in 2.4 seconds; when the film
image was magnified 20 times. intervals of one-h.undradtih
second could be observed without diffi-culty.

I!ach tank was buried in the gro-in~ in such a manner
that the electrode was approximately at the level of! the
surrounding terrain. The racording apparatus in the off-
set 4 feet below the surface was not subject to large
diurnal temperature fluctuations a~d no “difficulty with
changing electrometer calibration or battery voltages was
experienced.

The power supply for each tank station was 115-volt
alternating-cur~ent. Within the tank the alternatIrig-
current leads, the plugs, the lamp, and the motor .weie-
carefully shielded from the electrometer system. Outstde
the tank, the leads were buried a few inches in the around ._
and carried to a switch at a power line not less than 400
feet from the tank, so that tho power line-was never higher *
than 5° above the horizon when viewed from the tank. A
space 40 feet i,ndiar,etor around each tank was clearot of
wild grass and other small plants tsI eliminate local irreg-”
ularitjes.

.

.’
The calibration of the instrument to read changes in

potential gradients was accomplished in the following way.
First, a voltage ca-libra~i.~n of ‘tlie,electrometer was ob-
tained. Then a circular screen 14 feet in diameter was

● mounted parallel to the top of the instrument. A definite
potential difference was established bp%wee.n~he .sc&’een

..___ ....

and. the electrode; and. the elcctroma-ter defl.~ction’was
x observ-ed when the screen potential was ~uddofily reduced to -

Za??o. Repeated tests were made with a,wide. range: of potcn-
“ tial difforcuces,and .scr.c.en-electrode separations. T-ho ratio

of potential-gradion t c~anges at .thc clectrodc”’ to. poteiitial
changes of the electrometer (a constant) was thus “determined”.

_.-.
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Thereafter,’ it was necessary onlY to check the voltage
calibration of the’”electrometer. During the period when
observations were made, the vdltage ”calibrat’ion and a chock
of the “time constant of the electrometer sysi~m”were made
within a few hours of each storm for which measurement%’were
obtained.

.,

,,. l?IEJJDPROCEDURE

On days when thunderstm~ms were ~<pect~d, an obsorvor
was stationod at-the tiower of the administration building
at Albuquerque municipal airport. When a t~undorstorm
dCVCIOpi?l~ilt within an hour soomod probable, the obsorvor
called the field crew of three to their respect~ stat ions.
When a thunderstorm that might influence the field instruments
was immin”ent, t-he observer ordered the instruments turned on.
The time required to stzrrt the eight ins~uments was usually
from 8 to 10 mintitas. At the close of the “storm, the field
crew was directad to turn the instruments off. The field
crew recorded the time to the nearest second when each
instrument was turned on and off to facilitat~ subsequent
synchronization of records-,

The observer and an assistant meanwhile recorded
pertinent storm data, such as position of cloud: develop-
ment of rain sheets; position, time, and character of
lightning; time and duration of thunder; storm motion and
miscellaneous observation. The recording was greatly
facilitated by a specially constructed recorder carrying
a 6-inch papar” tape dri”ven by a synchronous motor. with
this recorder a single pancil stroke in the appropriate
column’ on the tape was ~ufficient to record th~. t~me of
any ev~nt and tho assistant was lef-~—free to make special
notes.

METHODS OI?ANALYSIS

&

All the data for determining potontial-gradient chaages
at-~.ach Instrument wero “obtained from the phot”ogrr.phic films r
giving e.continuous record of the deflection of tho olcctrom-
otor fiber. For the purpose of reading the film redords and
determining the time, a Kodascope Model D projector was fitit~d
with a gear train to turn indicator di-sks in order that -
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time of any event projeated on the screen could be read”
directly. !?he projector was provided with a Taylor-Hohson
Cooke lens with a focal length of 1 inch and an aperture
of f/1.5. The image of the recorde~ trace was magnified
20 times for ease in reading. The flatness of the field
was checked. The calibration data indicated that tha fibsr
displacement was approximately proportional to its pataatial
and, to the same extent, proportional to changes in potential
gradient.

.—

Whenno rapid change in the potential gr~.dierit occurs,
the electrometer trace is a straight line. When the gradient
change occurs in less than 0.01 second, the trace resembles
that of figure 2“ (a); where AB measunes the sudden change
inelectrometer potential and BC is an exponential-decay
curve determined by the time constant of the system. In this””
case AB is proportional to the change in potential gr,adient
‘to a high degree of approximation.

When the gradient change is slow, occupying several*
hundredths to several tenths oi’ a second, the tracerese”mbles
figure 2 (b). The maximum electrometer deflection El? is no

+ longer proportional to the gradie~t change h the interyal
I)F, since charge was leaking off durin,g the intarval. G.Q.r-
rections for this leakage nay be m5de ih the following manner:
If no leakage had occurred, the dofloction (potential change
at the electrometer) would have been greater than that oh-

,. -.,’???.,. ..-. -,

served by the amount 1

‘“ fE.
V dt where R is the re-

D., ...~,’

sistance to ground, C the. capacitance of the electrometer
systen, .T”.‘the “electrometer potential, a“nd t ‘the .tirR&. The

f

r

gradient change is “then proportional to 1
‘F+~.D

V dt

and the correction term is propo’rtion.al to the area DET.
Graphical methods employing the calibration data were de-
vised to make corrections when necessary. Figure 3 shows
contact prints of tho original film fecords._for _character-
istic gradient changes occurring during ligh~ui.ng strokes.

When the data for a single storm were analyzed, the
records of the separate instruments were synchronized with
each other and with the observers record. Corresponding
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gradient changes were t-hen determined for each of the
eight “instruments and for every possible Etroke element.

The next step WRS to determine. the charge structure
neutralized by a lightning stroke that produced the ob- *“–

served gradient changes. I&he individual gradient change-s
were known with mat-hematical accur!cy, it might have been
possible to develop a mathematical procadure f-or solving
eight simultaneous equations without too much labor. Sirlce
the magnitudes of the gradient changes in different parts
of the field differed by factors of 2 to 20, however, the
percentage accuracy with which the. gradient changes could
be mo~surad varied widely, amounting to 20 parccnt or more
for some of the smallest changes. It was, tfiereforc, im-
possible to obtainaunique solution for a set of data: there
was obtained instead solutions that groupad. !-_hl_m.se4.vas_____ _..—...-–-—
around a most probable value. Preliminarywork on a few
solutions was done by a series of successive approximations.
In each attempt to obtain a solution a charge structure was
assumed, tha gradients produced by the charge structure were
calculated, and the calculated gradients were compared w~th

.

the observed gradients. The process cons”ilmoda large amount
of time a~d CLapanded greatly on the skill of the aga>ysto
It was therefore decided to build a mechanical analyger

●

that would enormously spaed up the. process of approximating
a solution.
..

DESCRIPTION AND USE OF THE ANALYZIIR

The analyzer, constructed fu. the purpose of determining
the charge structure $hat _produccd any.given set of gradionte
at the recording instruments, is shown in figure 4. Es~en-
tially, tho instrument consisted of two sets of eight pins
ttmt could be displaced vertically. Each set had tho same
relative horizontal position, on n~d-uce-dsc~leg as the field
recorders. Curved metal sur.fa.ces,which represent-~d the
horizontal distributions of the potential gradient under a
charge 0$ ,dafinit,e height, could be moved about under each
sdt of pins. The differential di.splacetient of pizi pairs
“-(one from each set, corresponding to one field recorder)
was transmitted to a group of eight dial gag~s 3Y a system

.

of levers. The gage readings indicated when a solution had
“been obt-ained. The location of the charge structure could
be determined from the positions of the curved surfaces and

r

the particular pair of surfaces used. The details of its
construction, Operat-ion, :and use are given in the following
paragraphs. .
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The instrument bed was a steel channel iron with a
surface 12 by 30 inches planed to within less than 0.001
inch. A steel plate 18 inches square was mounted perpen-
dicular to the instrument bed on a substantial cast-iron
bracket. The lower edge of the plate was parallel to the
bed and 4.5 inches above it. There were eight sets of
moving parts, similar in design, one set of which is ‘shown
in figure 5. The surfaces s and St were tiade of cast-
aluminum piston alloy and were turned on a lathe to an
accuracy of 0.001 inch. Allowance for the shape of the
pins (P, P!) was made in turning by making tho lathe-tool
profile the same as an axial section of tho pin. The sur-
faces were 7 inches in diameter. Their horizontal scale
was 4 kilometers to tho imch and their vertical scale was” “
2000 volts per centimeter to the inch. Each was constructed
for a 100-coulomb charge at a definite height above the
surface of the earth, and the shape of the surface repre-
sented the horizontal distribution of the gradien-ts under .—

the charge. In use, the surfaces were free to move over.
the steel bed B at any position under the sets of pins.

.—

Coordinate systems were scratched in the steel bed under
●

each set of pins so that the horizontal displacement of
the center of the surface from the center of the instrument
field, that is, the middle pin, could be read directly.

Since the surfaces S and St each represents a charge
of one definite height, it was necessary to have several
surfaces. for charges “at various heights.
surfaces -

Eighteen- such
nine convex and nine concave - were cons~ucted

for heights from 3 to ? kilometers at half-kilometer in-
tervals. l?r~vious tests had shown this r~ngo to be the
one in which most lightning stroke charges were found.
~igul.e 6 is a photograph of thr”ec convex surfaces for 100-
coulomb charges at 3, 4, and 5 kilometers. The marked change
in the shape of the surface with charge elevation in this “
range” of charge heights is ,well illustrated. .:._..-—_

Now, when a surface s corresponding to a lCIO-coulomb
positive charge at height z was located so that its”bor5.-
zontal coordinates with respect to the center o~ t-h-efield
were x and and when a surface St corresponding to a
100coulomb nega~;ve charge, at height Z1 was 10cated so that
its horizontal coordinates with respect to theceqter of the
field were X! andyt, the algebraic sum of the displacements -
of P and PI .(each corresponding to the_ same field insFru-
irlent)measured the resultant gradient at this instrument due
to the charge dipole: +100 coulombs at x, y, z and- -100
coulombs at Xf, y~, and z!. This resultant gradient was

—.
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proportional to the displacement of the midpoint M of
a connecting bar C mounted on knife edge~ in slots

o

through the-pins P and P~.

The mid,point M was. connected by a link .L to the
end point N of a ratiarm h “which “had a horizontal
axis at O. The arm R ,turned on a:shaft,supported by
“a bear~ng in the vertical plate .T●. Above the ratio arm
a fixed bar F, also supported by t-he plate . V; carried
an Ames dial-age ,D in a special mount so that it could
be” moved to any point K ori t-he ratio arm. The dial read-

ing was now
:’= &)el ‘here ‘ ‘as ‘he ‘lgebraic ‘urn

of the displacements of the pins P and Pt. E is the
resultant gradient f~r the 100-co’ulomb dipole, represented
by the surfaces S and St, at the racordcr rapresentcd
by the pins P and Pt.

The other seven assemblies representing the other
seven field recorders were similarly constructed. For any ‘
given diyole position, tna condition t-hat all the gages have
the same deflection was that KO m l/E. Conversely, when ?
each of the various arms similar to KO was made inversely
proportional to observed gradient changes at their respective
instruments,. the position of the structure responsible for
those gradient changes was indica$ed.by the surfaces ufied
and their positions when all the gages had the samede-
fle,ction. Since E is the gradient-for a loo-”coulol~b
dipole, -EQ the. gradient for a Q-coulomb dipole in the
same ~osit~on would be EQ = Q/100 E. It fo”llows t“hat

charge of the dipole under consid~ration is Q = ~~)(~)
\

,~he procedure ordinarily used in determining a charge
structure was as follows:

1. A group of corresponding gradient changes for
the eight instruments was selected. The reciprocals of
the gradient changes wore ~alculated and the K positions
were set so. that the distances KO were prbporti”onal to
the reciprocal gradibnts. .-

2. Two flat plates wero placed .~ntir the pins and
the gago zeros wore checked.’

3. Tho op”qrat~~ examined the. gradient pattern and
decided, on t,he basis o’f-th’e:syzrrnetryof the ‘fl.cld and tho

.,
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relative gradient magnitudes, whether the charge: structure
was apt to le a dipole or a single charge. &e also esti-
mated’ the probable charge heights. A skilled operator
could make’ a good approximation. on the first attempt, -

4. One flat surface and one curved surface were
used for a single charge and one concave and one convex
surface were used for a dipole.

5. The operator adjusted the horizontal pogition of
the surfaceswhile observing the dial gages. If the selected
surfaces failed to give a solution, the gage readiagsu&ual”ly
suggested the surfaces that should be tried next.-” Successive
trials were Eade until a range of approximate solutioris was
obtained.

ACCURACY 03’AXALYSIS ..

It is difficult to assign a s~nple”probz.ble error to
the results of the analysis. A more satisfactory m“ethod
of indicating the accuracy of the results is to describe
the tolerances allowed in obtaining a solutioa and the
spread of the results that were accepted. as solutions.

It was possible to determine gradient changes on
each instrument within less than 0.5 volt per centimeter. ‘“

.+-..=..-..L

T.ha percentage accuracy of each reading in a set then “de-
pended upon its absolute magnitude. The opeiato”r w-as‘gu’ided =
in seeking a soluticn by the fact that the allowable deviation
of any particular gage reading from the others when a solution
was approximated was directly pro-portional to t-h6”r“”at-io-r.rin
setting. When a group of solutions foi~a set of-”da~a”h”a-d heon
obtained, the most accurate (as determined by tho equa~~f

--.—...... ....

the gage readings) was selected. The mean deviation .of the
various solutions in a given set fl’o”mthe accepted-solution
was approximately 1 kilometer in horizontal charge posi’iio:l
and 0.5 kilometer in vertical position, Among a ‘group “o-f
acceptable solutions , the charge magnitude varied yith the

-—

position coordinates of the charge. Yor s~ri”giecharges (neu-
tralized by cloud-ground stokes) , or For dipoles with la”rge .
separation (neutralized by igtracloud strokes) , tlio charge
magnitudes varied about 20 percsnt. with charge-”-positions
for the various acceptable solut~ons. In the case. of” i“kort
dipoles, tho charge riiaguitude associated with a-”&071u”t~on
was very sensitive to charg~ sep.iration, wbi”c-his to ““%=i-
expected because the dipolo momont is the ~roduc~t “.o’fthe
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.char.ge and the charge “separation, Dipoles.with small;. ~
separation (1 km) are relatively infrequent , however~
and the charge averag.cs are not materially affected by
this uuc~rtainty.

RESULTS OF,STROKE ANALYSIS

Three storms occurring on August 15, September 3,
and September 10, 1940, respect”iv-ely, were analyzed.
Analyses were attempt-qd for 312 stroke elements and
187 satisfactory solutions were obtained. Tables I, II,
and 111 give the time, the type of stroke, the position
coordinates o’f t-he charges, and the charge magnitude for
the successful analyses. The letters following the time

—

of the stroke designate the particular stroke element. The
charge coordinates are all measured in kilometers distance
from the center of the instrument field. The positive X-
axis is east, and the positive y-axis, north. The coordinate b
z is the distance abcve the surface and its sign represents
the sign of the charge to which the set of coordinates

—
r

applies. It should be noted that the surface of the instru-
ment field is 1.6 kilometers above sea level, The charge
magnitudes aro given in coulombs.

Satisfactory solutions were obtained for 60 percent
of all set--sof data attempted, The causes of failure trc
obtain satisfactory solutions in t-he.othcr 40 percent of .

the cases are summarized as follows:

‘1. In 22 percent of the cas-es, the gradient changes
at e.everal., or all, of the instruments were so small that
the error in reading the electrometer deflection precluded a ___
unique solutflon. .,

2. In 3 percent. of ~the cases,, elec’troneter “de”f,lect-ions
,“of two or “rn,o,reinstruments w.er:eoffscale and ‘cbuld not, be
extrapolated. ,.....,.. .

3. In 7 percent of the cases tho record oc two or more .
instruments was illkgi”ble or otherwise indeterminate.

●

4. In 8 percent of the cases, the data obtained were .
apparently adequate but failed to fit any simple charga
distribution. In the lat- cases it appears that the
assumption of a single concentrated charge or two conccn-
tratod dipolo charges is not satisfied. The most likely
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causes of the failuke “of this assumption are the development
of a large branch of the lightning stroke that would carry
charge over an irregular and extensive volume and the develo-
pment of an air discharge, that is, a lightning stroke
which extends into the region below the cloud base but does
not reach the ground.

The time between the lightning flash and the thunder
was observed in the case of a large number of strokes
analyzed and offers an independent check on the accuracy

....

of the location of charge positions. There are a number
of situations in which thunder observations are equivocal.
If two strokes occur a few seconds apart, the thunder from
the two may overlap. If a nearby stroke occurs after a
more distant stroke, it. is frequently impossible to deter-
mine the thunder time for the distant stroke, or for either
stroke, in case both strokes are at considerable distances
from the observer. After all doubtful records have been
discarded, there is still a large percentage of cases in
which thunder can be olearly associated with a particular
stroke. Qhe distance in kilometers from the obaer-ver to
tho nearest portion of the lightning channel was obtained
by dividing the thunder interval, in seconds, by 3. This
distance was compared with the distance from the observer
to the nearest portion of the charge structure or, in some
cases, the nearest portion of the straight line joining
the charges of a dipole. That this comparison cannot he
exact is at once clear, since lightning strokes do not
travel in straight lines and since some strokes have
branches of considerable length. The two calculations
agreed, however, within 1 kilometer in 47 percent of the
cases, I.rithin2 kilometers ,in.62 percent Of the cases, and
within 3 kilometers in 80 percent of the cases, The re-
maining 20 percent of the oases with 3- to 5-kilometer
deviations were all distant strokes and the observer may
have failed to distinguish the first thunder.

The observer also recorded the range of azimuth an~les “’””-
subtended by the observed lightning stroke.. ,or the region
of cloud-base illumination in the case of intracloud strokes.
Because of the irregular nature of the lightning channel,
and particularly because of the unknown course of the
channel when obscured by C1OUCIS, precise agreement cannot
be expected.

It is, however, interesting to note that the direction
of the calculated charge structure and the observed stroke
or cloud illumination were generally less than 10° apart,
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Since the thunder and angle checks” are quite independent
of the electrical measurements and analysis, they con-
stitute a verification of the essential correctness of
the analysis and the validity of the fundamental assump-
tions underlying the analysis.

Avera~e values for charge data, computed for the
strokes analyzed, are of interest in that they give a
reliable order of magnitude. The average charge neutral-
ized by a stroke element is 6.5 coulombs and the average
value of the charge neutralized by a lightning stroke
(the sum of the separate charges ~eutralized by the various

o elements of the stroke in-the case of repeated strokes) Is
24’ coulombs. The effect of the small unanalyzed elements
has been estimated and compensated for in computing the
averages.

Average values of charge heights and -horizontal-chnrge
spacing are not affected as much py th4 eliininat”i.onof t-he
group of small charges as””are cha~ge-ma~nitude averages,
since there is no a priori reason to assume “tha~f the- un-
analyzed charges are ‘at a characteristically different
height from those changes analyzed, “’~urther, a comparison
of the original data for the str~ke&”’analy~6d nnd thoso
not anal~tied shows’ tihat the ratios of—max~mum to minimum
gradient changes observed for gach “stroke are not sensibly
different, which indicates that the- Charges lie in the same
range of heights above the surf-ace. The striking effect
of the height. of the charge on-the “surface-gradient dis-
tribution is well shown by the coritours of t-heplates in
figure 6.

The weighted mean height---of the negative charges
above the ‘surface was 5.2 kilometerr-and of the positive
charges is 5i8 kilometers. The weighted mean horizontal
separation of charges involved in an intraaloud stroke
was 3 kilometers. The heights of-both positive and ne~a-
,tive charge~ ranged between 4 and 7 kilometers while the
horizontal separations varied from 1 to 10 kilometers.

In the three storms studied, cloud-ground strokes were
observed only on August 15. All these strokes,tragsported
nagativo charge to ground. The writers-had qa.d.e~his samo
observation for several &torm”s in 193’9. Alsoi tests were
conducted in 1941 with a single sensitive generating yolt-
meter. If a cloud-ground stroke ,only ,t~ansports negative
charge to the ground, “the ,gr,adi’entchange “a~tall “observing
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stations on the ground, however distant, Must be positive.
Approximately 100 cloud-ground strokes in the 1941 season
aIl produced positive gr.adieut changes, regardless of the
distance of the stroke from the observing station. Illtra.-
cluud strokes produced gradient changes of both signs, de-
pending on their position with respect to the observing .
station.

It is interesting to note that in the case of a stroke
that an observer would classify as a cloud-ground stroke,
some elements may transport negative charge to ground~ but
one or more elements not visible to the observer may di-s”-
charge dipoles within the cloud. In the storm of August
15, for example (table I), the strokes occurring at 6:35:13
and 6:48:20 are of this type. Even though more negative
than positive charge is neutralized in a stroke of thins
type, there is in some cases a small region at the surface
where negative rather than positive gradient changes would
be observed. This result clearly indicates that conclusive
evidence of transport of pos,itive c“aarge to gr~und in a
cloud-”gr.>und stroke could not bo obtainod with a single
recorder. It i$ possible that there are” sono circum-stances
in which cloud-ground strokes carry positive charge to
ground. If such strokes. do exist, however, they are rare.

CORRELATIO:?S WITE METEOROLOGICAL DATA

After a charge analysis had been checked against thunder
and posit$on observations on the individual lightning strokes
and after the purely statistical study of the results had
been made, an attempt to correlafe the results with meteorol-
ogical conditions in the storm was made. !l?hisattemyt led
to a number of interesting results.

If the dharge analyses of the separate storm strokes
aro to be used for locating regions ot ckrgc within clouds,
several considerations must be borno in mind. If the charge
r“egion in a cloud is ‘extensive, a single stroke with its-
separate elements may discharge tialy a part “of the region. .—
If an attempt at a more careful delineation of the regiov
is made by plotting the positions of several successive
strokes that occur in a definite interval of time, the sto_rm
motion during the interval may produce” apparent d’ist”ortion,
Further, if two charge regions are adjacent, ihe storm motion
during the interval mar create apparent Anomalies by makicg
the region boundaries indeterminate. In order to eliminate
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these difficulties and determine tho approximate boundaries
.of ch,arge regions, .ti$ufollowing procedure was adopte~. All
the cha~ges in a given storm were- ”~lo~ted ~n a chart with the
value of either the .x or the”.y .c,dordinate plotted “a~ainst #

time. The remaining horizontal cotirdinat= (y or x) was then
indicated by a number entered on the chart beside the charge.
l?igur~ 7 .ill.ustrates the method as. used to study the nega-
t,iveqhargee of the storm” of August 15,” The,’ Y coordinates
of tib charges are plotted h“ortzontally qnd the time is plotted
vertically. The numbers ent&red on the chart represent the
x coordinates of the charges. Examinati-on of the diagram

‘.:sho~s that there. arg three gr,oupa..of.chaxges with similar
x coordinates in any t“ime intinvai .thati’’liein bands sloping
downward and to the right. Each band ra~rescnts “one region
of charge.,moving with the storm. The slope of the band, in-
dicated by the sloping dashed lines, ,is a measure of’the y
component of the velocity of the region. The x components
of the velocities of the regions were determined in a similar
manner. The same procedure was used for both positive and
negat$v=charges inoach $hxrrn’and the negat’$vo regions in ,

each storm were designated by odd numbers, .-,,t~e pcisit-ivc
regions.:by even, numbers. ., ,,:. ... :

Horizontal diagrams were then plotted for a definite
time in th,e,rnid~le of the interval tp:,~e represented. Each,,,,......
charge occurring within the intei%al was ‘displaced so that
its plotted,position was the position it would-have had at —

the instant- fur ,whichthe diagram:~as plotted rather than
the position of,.the charge @..tthe time the li~h%nin’g stroke
oc~urrcdo It was assumed that the” veloc~ty of!’’fhe‘region
as determined by the pet-hod just described and essentially
conetant for all parts of the regipn. Both horizontal and
vertical diagrams of the charge positions were prepared.
in this way for the three storms studied. T.he&e diagrams

—

are shown in figures 8, 9, 11, 12,and 14. In addition,
two diagrams, figures 10 and 13, s~owing the mean horizontal
paths of the charge regions have baeri ptiepared.... . ... _

In all the horizontal diagram~l the positive and the
negat-ive charges” neutralized by the same intracloud stroko

.._.._

were connected by straight lines e~cept ixi the case of the
storm of Sep.t-em%er 100 In all the, verti.cal “~iagrams, nega- ,_

tive charges neutralized by clo’ud-ground strokes arb connoctod
to flrouncl-by a vertical line. All the diagrams ex,hi%lting

—

horizontal distribution of~harges,.qhow the or~gin of-the
R

coordinate system .(tha-,cefite,rof thein~,trument field.) O
and t-he airport tower’ A.Y,’where the “observer was stat-ioned.
All the vertical diag-rams show, in addition to- the origin
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of coordinates, the cloud base C!B and the vertical dis-
tribution of temperatures calculated as described in” the
following paragraph. On each diagram, horizontal or ver-
tical, the length of the interval is that during which
the plotted charges were neutralized by strokes.

The meteorological data for the” storms consisted
partly of visual observations and partly of data supplied
by the Albuquerque station of the United States Weather
Bureau. Table IV gives the elevation of the condensation
levels and the various isothermal surfaces in the three
storms. The vertical distribution of temperature was
calculated by use of the sur$ace temperature and the
humidity immediately before the storm and by assumption
of a dry adiabatic Lapse rate until the condensation level
was reached, and a psuedoadiabatic lapse rate within the
cloud. The condensation level agrees well with observed
elevation of the cloud. base at the beginning of the storm.

Table V gives the mean charga heights above the sur-
face for each storm day and the temperature range in the
region whore charges were found. Table VI shows the ver-
tical distribution of the winds at 3:00 p.m. on each storm
day. The observations on Septombor 3 were made as the
storm approached the ‘Weather Bureau station and ceased at
the point where the pilot balloon entered a cloud (not the
base of the storm). These observations are, therefore, less
complete and reliable than the observations for tlie other
2 days.

The azimuth angle subtended by the rain sheets at
the airport station are recorded on the diagrams showing
horizontal charge distribution. Within the angle? the time
of the observation and the character of the rain sheet are
indicated. On the charts, L indicates a light or trans-
lucent rain sheet and H indicates a he-avy or opaque rain
sheet.

The results of the analysis of the charge distributions
and meteorological data are summarized by storms.

Storm of August 15, 1940

The storm developed between 10 and 20 kilometers
north of the instrument field about 6:00 p.m. The first
thunder from a stroke 16 kilometers distant”was h~ard at
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6:14 p.m. and all the recorders wep~ in operation at 6:27
.

p.m. .The stjorm was WO1l d~velop6d” but not old at tho timo
tha.,uloct~ical record’s began. Fig”ure 8 shows tho horizonte.1
distribution” of charges at 8-minute intervals and. figure 9

r

shows the verttcal distribution for the same interval=. Six
regions, three negative and three- ~ositi~e, we”re clearly
identified. !J?here-is evidence of two other short-lived
negfitivc regions that have been left unnumbered,. The posi-
tivm charges ;lay principally to th”e west of thoncgative
~harg~~ out a:fow:~dsitjte charges were also-found to the
tiasi. All regions moved toward ~b”e southeast with an
average velocity of 20 kilometers yer hour. The negative
regions had a mean velocity of 22 kilometers per hour;
while the positive regions had a mean velocity of 17 kilo-
meters per hour. Figure 10 shovs that paths of the centers
are nearly parallel and have the curvature .of an anticyclonic
wind system.

The negative centers remain nearly l—kilometor below
the positive centers throughout the storm., but_the average

.

height of both negative and positive centers decreases
nearly 1 kilometer from the first “to the last ifiterval. t
The stroke frequency decreases with time. Ground strokes,
which predominate in the early part of the storm, are not
observed in the last part of the storm: A few charges
ap~eari’ng in table I and associated wit-h a weak storm west
of the one shown were “omitted in ~lotting the diagrams.
The strokes were so infrequent thqt no at~”empt was made to
locate charge regions.

—.

...—
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.- — -._._ - .-. -------—

The rain sheets were of moderate intansity and moved
in the same direction as the cent-ers with a velocity of
about 20 kilometers per hour. Accurate location with re~pect
to the positive and the neg~,tive centers was not--%oasible
becauso of the dista~co from the observer. ‘It is interesting
to note that the average wind velQcity in the region between

—

3.5 and 8.5 kilometers above the surface was 18 kilometers
per hour NW at~:OO p.m. This value is in good agreement
with the obsorved vel”oc.ity of both rain sheets and charge
centers. The angl~s subtended by the rain sheets wore in
good agreomcnt with angles subten$ed by active charge centers. . ___

Storm of Scptamber 3, 1940 r..—

The storm was west of the instrum~nt field and fully
dovalopod at &!:50 p.m., when the crbservations wefio begun.
Recorders were turned on by 3:11 p.m., as the storm was
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moving east, north of the instrument field. The cloud .%ase
extended at least 20 kilometers in a N-S direction and more
thaa 20 kilo”motars in an E-W direction. Tho rain sheet was
very extensive but denser portions could be identified and
followed.

. .

In figure 11, which shows the horizontal distribution
of charges at 6-minute intervals, 16 centers of activity
were located. Of these regions, regions 5, 7, 11, l?’! and
19 could be traced from 6 to 12 minutes. Of the regions
that had longer life, regions 6, 9, 10, and 13 were 1?ss
activ= than the rest and were never marked by more “t~
two d’ischargos in any one 6-minute interval. It should
be noted that, in the first intervals studied, most of
tho regions were well defined by frequent strokes. In the
later intervals, as the storm intensity was decre&”sing, only
one or two regions were clearly defined. The motion of all
the centers was essentially west to east with a mean velocity
of 20 kilometers per hour. (See fig. 13.) The a$erage veloc-
ity of the negative centers was 24 kilometers por hour; while
that of the positive centers was only 16 kilometers per hour.
All tho positive centers ware slower than 22 ‘kilometers per
hour and all the negativo centers were faster than 20 kilo-
meters per hour. The paths of the centers that could be
distinguished longest” had the curvature ’of in anticyclonic -
wind system, as in the case of the centers in the storm
of August 15.

Region 3 is interesting’ in that, “while it yas most
active, it vas fairly extensive and, as its activity
diminished, it seemed to be progres$”ively more constricted
by the adjacent positive regions. Its behavior indicates
a close correlation between its electrical and dynamical
importance in the storti. ‘

During the early part of the storm, the positive
regions tended to lie behind (relative to storm motion)
the negative regions in fairly regular array. In the
later part of the storm, the distribution was less regular.
Throughout the storm th’e positive charges were, on the
average , about 0.7 kilometer higher t“han the negative
charges, (See fig. 12.) Xo satisfactory correlation of
the charge height and age of charge region could be found
because of the complexity of the storm and because of the
infrequent lightning activity in the last intervals.

All lightning strokes were within the cloud during - “-
the. period of observation. The stroke frequency deoreased
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markedly fr”om .the”b:eginning to the end of the period.
That the storm was actually d-issipating at the end of
the period of observation is clear”ly shown ‘by the fact
that no lightning strokes were obs’erved after 3:55 p.m.
although the west side of the C1OUL overlay the instrument
field and 15 kilometers of its base in an aast-to-west
direction were visible. The Irregularities of the last
part of the storm were doubtless due to the weakening of
the updrafts and the resultant slow mixing. .

Because the wind observations for 3:00 p.m. of this
date stop at 4.5 lcihmeters above the surface, it is im-
possible to.make very satisfactory comparison with motions
of charge regions. All the observed winds higher than the
cloud base of the advancing storm are between WNW and “#SW,
consistent with the direction of storm motion. The wind
at 4,5 kilometers; 10 meters per second or 36 kilometers
per hour, is much higher than the obsorved velocity of the
charge c-enters. Because the storm was already a~roaching
at the t-ime of the wind observations , it is proba’ble that
subsidence in advance of the storm may have influenced the
magnitudes of the wind ve-locities. The observations on
the rate of advance of rain sheets varied from 16 to 24
kilometers per hour, which is in satisfactory—agreement
with the average of 20 kilometers per hour for the charge
centers.

.

.

.

#

Storm of Septeqber 10, 1940

The storm developed northeast of-%he instrument field
in the approximate position shown, in figure 14 between 4:25
p.mi and 4:30 p.m. !J!heinstruments were all operating at ‘“ ‘—
4:42 p.m. The storm was relatively Weak and lasted less
than 1 hour. No cloud-ground strgkes were ob6.erved through-
out its duration. Only two charge regtons ione-ne~ative

—.—-——

and–one positive, were, fetid and these showed na evidence
—

of progressive displacement although the regioti of the ~
.‘.greatestactivity and..the .amount,of the activity varied’

with time~ The negative””region was at all times vest of
the positive, region. The rain sheets observed in the di-
rection of the charge centers were light at all times. In

*

the first 10 minutes of the storm, the negative charges
were on th-e-average, 0.5 .kilometmr lower %han t-he positive
charges. Subsequently, the positive charges dropped to the

*

same elevation and finally to 0.7 kilometer below.

The vertical distribution of the-winds at 3:00 p.m.
is very illuminating in this storm situation. The winds

1
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in tho first kilomoter above. the surface are strong
easterlies; whereas, the winds at high levels are vary
strong westerlies, i,~creasing with height to 12.5 kilo-
meters above the surface .where the velocity reaches 130
kilometers per hour. The same general wind pattern was
also shown in the wind observations at 9:00 a.m~ and
9:00 p.m. of September 10 and must have existed at the “-
time of the storm. It is at once evident that under
the powerful shearing action at high levels, no thunder-
head could achieve great elevation and intense storm
is not to be expected. Conv~ction penetrating from the
lower to the higher levels in the atmosphere would tend
to transfer westward momentum upward so that in the region
where westerly current is not tgo strong a column could
rise nearly vertically. iib~ve 6 or 7 kilometers, however,
marked shearing ac+ion would tend to blow the upper por-
tion of the cloud to the east relative to the b“ase.

The tendency of the storm to remain in the same
geue~al position under these conditions is not difficult
to understand although the situation is inherently un- .
stabXe.

The storm is of particular irxportance ~“ecause of ““
the evidence it supplies. on relative positions of charges.
With an essentiall~ stationary storm and increasing ‘wester-
ly winds aloft, it follows that those charges carried to
greatest heights in the updraft must experience displac.o-
ment to the east. The storm shows clearly that tho positive
charges are the ones so displaced.

. ..—

—

—

R

SUMMARY OF RESULTS

The principal results of the oxporimental-data study
may be summarized as follows:

1. The average charge neutralized by “a lightning
stroke in the storms studied is 24 coulombs. The res”ult
is in essential agreement with the -pretiious results re-
poried ’in reference 5 and with those of McEachron (refer-
ence 7), who found 30- and 35-coulomb aver~ges. for cloud-
ground strokes only..

2. The principal charges drained by l~ightning str~k-~s
are several kilometers above the “cloud base, in the region
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where the temperatures are between -5°C and -25°C. In
the storms studied in Albuquerque, the charges”were between
4-and 7 kilometers above the surface or approximately 2 to
5 kilometers above -the cloud base. These results are In

,

ngrecment “with charge elevations previously reported by
the writers. No concentrations of posit%v.e charge were
found near the base of the cloud, as has been reported
by Simpson and his collaborators.

3. !The mean vertical separation. of positive and
negative lightning charges is less than 1,kilomoter and
their mean horizontal separation is of the order o-f 3 -.

kilometers. This result indicates that intracloud stro~as
are, in general, more nearly horizontal than vertical.

.—

4. All cloud-ground strok~s studied transported
negati~e charge to ~ro.un.d, in agriement with pfevious
observations of- the writ-ers and other recent observations.

5. A, study of t-he distribution of charges shows th}~t
.

it is possible to identify definito regions of chargo that
persist for int-m?vals from 10 to more than 30 minute8.
These regions travel with moving ~torms and have approxi-

,

matel~ the same velocity as the heavier rain sheets under
the cloud. The heavy rain sheets are usually found in
the vicinity of the active charge.regionz. In the one case

.—

when it was possitle to compare the average velocity-of
the charge regions with thp ave”rage wind vol~city at tho
charRe .1OVC1S in advance of the s~orm, the two velocities
agreed within 10 percent. —

6. Evidence supplied by the storm of September 10
shows that the. negative.. charges lie. in the region of the
updraft and that positive charges, are displace-d upward and
away from the negative charge in this region, ?lurther .----

evidence .on “this point is found in the s“torm o-f Aug’ust -c,.-

1~ The negative regions are: cokeront and positfive
charges a~e found on lmth sides of the negakitie regions.
It might be assumed that .tho mor6 coheront region was .-

associ.ated with the updraft. .
.

7. Cloud-ground strokes are. more frequent in the
earlier stages of- the devel~pmeat of an active region
of the thunderstorm. As an activ”e region ages, th”e

.——

lightning strokes beoome predominantly or exclusively -
#

intracloud strokes. The aging is~also charact;erlstically . ._~
associate-d with a decrease in stroke frequency.
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DISCUSSION OF THUNDERSTORM STRUCTURE

The data presented are consistent with the following
suggested thunderstorm.patt em. In an active region of a
thunderstorm, the charge-generating process occurs in the
updraft and is associated with condensation forms of more
than one phase. The positive charges are carried upward
with respect to the negative charges. Near tho top of the
air fountain, where the vertical motion of the air is small,
the positively charged particles begin descent in the vicia-
ity of, but outside, the main updraft. As suggested by C.
T. R. lfilson (reference 1) this action would make the essen-
tial polarity of the thunderstorm positive upward. The pos-
itive charges, however, do not exist in large concentratio~
in the highest portions of the cloud. Repeated attempts by
the writers to detect charge in the thunderstorm anvil that
extends well in advance of the main body of the storm have
bean made with a sensitive generating voltmct~r capable crf
measuring gradients of 0.1 volt per ccntimet+r. No eigaif-
icant change in the gradient has been observed with the
anvil ov.~rhead until the main storm becomes sufficiently
C1OSC to allow tho charges at about ‘7Icilomcters above the
surface to account for tho alterad gradient. . -.

As positive che.rges return toward the level of the
negazive charges, fre,quent liEht.ning strokes occur between
the cloud charges of opposite sign. Since the yositi.ve
charges are descending from above, the chance that an intra-
cloud stroke will connect a higher pos.$.tive charga” with a
lower nagative charge is greater than for the reverse. situa-
tion. In the most Tigorous phase of tlhe.life of an active
region while the updraft is strong~st, the posi.ti,v.cc~a~gcs
are carried to greater heights and both the horizontal and
the vertical separation of tho charge are large. Under theso
circumstances , discharges from th~ negative region to ground
are frequent. As the activo region ages, the u-ydraft .w~ak~ns
and the separation of charges is less. In this stage, the
intracloud strokes predominate. Some nearly vertical iptra-
cloud strokes might be expected in the air.fountain and the
writers previously have observed. some of thes-e in the earliest
stages of the storm. The fact that relatively few &troke”s of
this type are observeti in a well-developed storm” may be” due
to a continuous variation in the relative concenirat.i~n. of
positive and negative charges in the .rc&ion of charge s~F,l.-
ration that would result in low gro.&ients e.hove the n~qativc
region. Below aud to the side of &he negative region .thesc
conditions would not prevail.

—
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Since” all of the ;bserve”d claud-ground bb~okes carry
negative charge downward, not- all of the positivo chargo
in the active region would be neutralized by intracloud
strokes, and t-he rain that falls in the vicinity of the
uporaft during its most active peri.bd should be positive.
lluxbulence that exists toward the edge oflthe updraft
should transport some negative charge outward so that the
region of negafive charge would t-end to be larger than the
main updraf-t itself.: “-

..-.

Because negative regions are Sssgciated with regions
of rapid upward vertical motion, examination of”-the storms
on August 15 and ‘September 3 lead to the following inter-
pretations. In any extensive and well-develope-d storm,
several strong updrafts may exist. T1-e-se>egions have
a certain dynamical stability, may exist for periods in
excee_s of half an hour, and tend .t~ move with the body
of the storm. The relative positions of negative regions
indicate that updrafts may have a horizontal separation
of less .than 4 kilometers. This” cellular structure has
been evidentin. delayed-action motti-anpictures of storm~
that have been taken by the writers during tiid last four
seasons. l?urther study of this aspect ofl structure is
contemplated during the next thunderstorm season.

TWO observations ic complicated storms are of special
“interest: First, negative regions tenLto move more ragidly
than positive regions; and, second, more negative than
positive regions can be fdent-ifiedi While the-data” obtained
are not adequabe to give unique efilanation of—the ob’&6-rva-
ti-ons on exceedingly complicate~..thuqders term phenomena,
some possible explanations of the phenomena ‘are suggested.
l!h.erelative horizontal displacement” of “!ho positivo and
tho negative regtons is probabl~ determined by asymmetries
in the complicated wind system wit~l~n.the cloud t-hat pro-
duces asymmetries in the air fountain. It may-be assumed

“ that in a moving storm t-he.upper pa~t of t-becloud tends
to suffer some shear with respect to the base i-n the direc-

-—..- -----.—._.

tion of motion. Ice particles from “the top of t-he fountain
would tend to be displaced forward. with respect t-othe
main updraft and falI ahea3 of it. in accordance with t-he
Bargeron-Findeisen theory of preci~it”qtiori, t~e ic,e particles
~~ould grow at the expense of super-cooled water dro~lots as
they descend toward tihe base of &h’e”cloud b&~a~6”e’of t’he
difference in saturation vapor pressure of_ ic.e_and.X_W.t.gT..._
surfaces at the same temperature below freezing. The lib-
eration of the latent heat of fusi’on of. the supercooled
drops would warm the air in “advanc:e of the updraft. This”
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warning would produce a tendency toward instability,
especially if the concentration of droplets is greatsr
at the lower levels. If a saturation adiabatic lapse
rate existed in the cloud, the process would produce
vertical instability and favor the forward development
of the region of the updraft. The updraft in develo~ing
in a forward direction would have’ a larger phase velocity
than the positive regions of the storm. This explanation
of the phase de”velopnent of the updraft would account for
the somowhat irregular behavior of sterns that develop in
a region where wind velocities are small.

As the ice particles in a precipitation sheet fall
into the base of the cloud, below the O°C isothermal sur-
face, they begin to melt and cool the surrounding air as “
a result of the extraction of the latent heat of fusion.

—

If an adiabatic lapse rate already existed-in the space
below the base of the cloud,

—
the cooling at the upyer

side of this layer of air would produce instability be-
neath the cloud, the cooling at the upper side of this
layer of air would produce instability beneath the cloud.
Such a process has previously been suggested as a ~ossibie
cause of tornadoes under intense storm conditions. In a
lesser degree in ordinary thunderstorms, the process may
account fcir the development of new active centers. perhaps
at the edge of positively c“hargcd regions whore subsidenc~
of precipitation forms occurs. Region 5 in the storm of
September 3, for example, may have developed in this way.
The multiplicity of active centers in a storm may be due
to instabilities produced b~ an original active center by
such a process. “Yhe storm would then continue to grow
until the vertical mixing of the air reduced the storm
potential energy to the point where it ceased to exist
as a thunderstorm. .-

Although the results of the study do. not lead to
a clear-cut theory of the charge-generating ,,process .in
a cloud, the observations throw some light on the sukject.
The principal thunderstorm charges are produced in a region
of ice forms and supercooled droplets where the temperatures
are between -5°C and -250C. It is, therefore, irnpro,bable
that the original unmodified Simpson breaking-drop theory
is a satisfactory explanation of the production and the
distribution of the major thunderstorm charges. Simpson
and his collaborators have recognized that this is probgbly
the case in the higher th~nderstQrm charges but present
evidence for the existence of a re~ion of positive charge
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. .

near the ba”se of thunderstorms, below the O°C isotherm,
where the existence of the breaking drop process seems
morfi probable. No such active reg:ion has been found in
the current study and the results must be interpret-d
to mean that-, if such a region exi~ts, it does not in-
volve large- charges that are frequentl~:d r.ained by
lightning stroke~. .It is, of course, yossible that the
thunderstorms studied “at Kew by Simpson and Ottiers are
sufficiently different from tihe A3.%uquerque st.or.m.sto
account for the difference in observation. The Kew
storms had characteristically low bases and. tho O°C i~o-
thorm was well up in the cloud, so” that a rolative~y
largo volume of water droplets could exist. The Albuquorquo
storms, on tiho other hand, had chal?ac t:~ristically higher
bases and the O°C isotherm was much closer ta tho base of
the cloud, Granting that some differences in .~torm con-
ditions existi-.and also that the bree,kin~-drop process can

.-

and probably does exist in some regions of tile thunder-
cloud, it seems doubtful that this process is t-he fund.a- .
mental cause of the production of the mujor thunderstorm
charges, -.

,

Some otiher observations made in the course of the
study are of incidoutal interest. The observation that
all cloud-g-round strokes transported negative charge to
ground suggests that during appreciable intervals of t-ha
life of a thunderstorm the net-thunderstorm charge is
positive. This fact suggests that: the Wilson ~nduct+on
theory of charge production may explain part- of the ob-
served thunderst-orm phenomona. Furthermore, &his fact,
may well account–for the observations at Kow Observatory
that–the rain from thunderstorms carries a net positive
charge. I&also lends support to the theory t-ha&thurlder-
storms, which are’ continuously in progress in some
of the cart-h,

region
are responsible for the negative charge of

the earth. If,’ in every thunderstorm, only the negative
charges were carried to earth by lightning ,and the 2osltivo
charges more ‘gradually” returned by” rain, the nagativb
charge on the earth at any one time should be approximately
equal to the sum of the net positive thund.ercharg.es of the
storms then in prograss, ,. —

Another point of meteorological intierest is t-he anti-
cyclonic curvature of the paths. of the thunderstorm charge d

regions. It is a well-known result in dynamic meteorology . . _j
that , when winds %1OW “over mountaiil ranges, a-“+c”&io”nof
high pressure iS produced on the windward side and a region
of low pressure on the lee side of t-he mountains, As a
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● result’ of the creation of the pressure ridge and trough~
the winds tend “to curve anticyclonically on the windward
side and cyclonically o,n the lee side of the mountain

. range. In the storms of’ both August 15 and September 3,
the winds had a W component blowing the storms toward
the Sandia range east of the field. The curvature first
became evident about 10 kilometers west of the base of “the
mountains and 15 kilometers west of the ridge. The storm
speeds of both days were about 20 kilometers ‘per hou”r
although on August 15 the prevailing winds at thunder-
storm levels were from northwest while on September 3
they tiere from the west. The observation indicates that,
while the thunderstorm may be a major local disturbance
of the wind pattern, its general motion is governed
approximately by the prevailing winds if they are strong
and essentially in the same direction at all levels.”

The thunderstorm of September 10 did not follow the
strong upper winds but the wind pattern in the lower levels
was quite different from the usual thunderstorm within a
single air mass as noted previously.

PEMfiXS OH DISTRIBUTION OF GRADIENTS WITHIN

A STORM AND AIRCRAFT SAFETY

While it is evident that in a complicated storm con-
dition the detailed prediction of the distribution of grad-
ients is impossible, the data on charge location Just
described make possible estimates of the order of magnitude
of the gradients and the approximate regions in which the
gradients are greatest and in which the gradients are.
changing most rapidly,

Not all of the charges that are shown in the charge~
distribution diagrams exist simultaneously in a storm.
The interval between successive large lightning strokes is
of the order of a minute or more and two large strokes
usually do not occur in the same vicinity within an inter-
val of several minutes. It was assumed, therefore, that a
single dipole with e, charge magnitude somewhat above the
average observed would serve as a satisfactory basis for
estimating the order of magnitude of the gradient distri-
butions within the body of the storm at any one instant.
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.Four vertical s~ctigns of .e st,Qrrn.were -yrepared to .
show the distribution of ,grad$,ents.for l?3-coulomb charges
if no o.t-hercloud. charges or space charges .’exlsted in “the
storm... Figure 15 “shows the. distribution of vertical gradie-
nts for: .(a),,a single 33-coul.c?mh cha~e. at–5 kilometers
above the surface,- (,b) two 33-coulomb charges of opposite
sign at 5 and 6,kilorne!ters aboye the surface, respectively,
and with a horizontal s~parati,on.of 3 kilometers.’ The two
remaining diagr.ams...(f:i,.,16) show the, horizontal gradient
distribution for ‘the same.,cha.rgee. The single-charge
pattern ropresan-ts. ~pprorimate conditions if.one charge is

, at conside”rqblo .d,istanco from others, and tho dipole ~attcirn
represents a characteristic situation as found in the storms
studied. The continuous curves cmanect points with equal
horizontal or vertical gradients and the, numerical values
are in volts”,per centimeter.

Inspection of the diagrams ,shows that the maximum
vertical gradients exist immediately above and below the
charge concentrations. and the max~.mum horiz:ou.tal gradients *

exist at the same ley.el as ‘khe charges. If a ,t.hunderstorm
—

volume of 1000 cubic kilometers and the dipole shown in
—

figures 15 (b) and 16 (b) are assumed, the region in which
—;

vertical (or h.orlzo,n,tal)gr.adi;ents.,,of ,100,vol.ts,per cent-
meter” od’ more ‘wou’ldc.xist would be less than25 percent of
the cloud volume.”. .The region in w.hic:h.yertical gradients
of more than 300 “volts ‘per centirnet”er would exist is less
than 10 percent of the total volumb. ..—

.,
If the charges shown in the figures were surrounded

by space-charga erivelcipes, the .gradienti--cryerywhere out:
side the envelopes would be .decrea~ed. 370r example, if
spherical ‘symmetry is assumed and If a space-charge enve-
lope contained a char~~, equal to one-half the cloud charge,
the gradients outside the envelope would be reduced to 50
percent of the values shown. It should be noted, however,
tha~ if a large space-charge is a~fiumed the gradients pro-

““duc&d “by the spac,e.ch~rg?s themselves after a lightning
stdake occq~”s would be oppasite in si-gn to those existing
“btifore the stroke: In the, case just citad, with a space
charge equal .to one-half &he cloud charge, immcdiatoly
after a stroke the gradients would have the same magnitude

.

but–wduld %e oppositely directed, <The la”r.gerthe assumed
space charge, t-he larger the gra$iqnt.$. after the st.r~.ko.,.
It ‘may, therefore, b~,concluded th:at even if-..anappreciable

~-—-

..~pace’charge’ around the. cloud charges is assumed, gradients,.
9 o-f the order of magnitud~ shown will exist at—some time
either preceding or following the lightning discharge.
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It is obviously impossible to predict iu.detail what
other cloud charge~ may exist simultaneou~ly with the
charges shown in the diagrams. It seems unlikely, .how-
evsr , that “the exis,ting gradients will be of a different
order of magnittide. ....

Simpson and Scrase (reference 2) and Simpson and Rob-
inson (referetice 3) claim that they did not observe vertical
gradients greater than 100 volts per centimeter” in most of
their soundings in thunderstorms. They further po-intad out
that the vertical gradient did not change rqpidly with
height beneath the cloud. ,Considering the last-men~ionad .
point first, it should be noted that rapid-variation of
vertical gradient with height near the surface woul-d not . -
,bc expected, even” if no space’ chargo were” ass.urned. With
the charga ci:stributions. chosen, the vertical gradient ~.s
pearly constant under the cloud.base except directly under
the charges where they may increase by a facjor .of two as
the cloud base is approached. l~ith respect to the order
of magnitude of,the gradients observed, Siupson and bis
collaborators emphasize that their vertical-gradient re-
corder, the alt i-electrograph, is reliable with respect
to sign of the gradient but indicates’ .anly correct or~ers
o“f magnitude and not precise quantitative” results. With
this fact in mind and recognizing that, on any simple
assumption, large gradie~ts are not to be expected except
tn small thunderstorm volumes at any one time, the suggested
distribution of gradients previously discussed are not” nec-
essarily in disagreement with the alti-electrograph records.

One of the principal dangers to ~ircra~t ii t.hW~er-
storns is the chance that the craft may” ,becomq “part of a
lightning channel. Eyen with all-metal .airplahes whare
the structual damage due to lighttiing is reduced t-o a miiiimum,
the danger of visual or aural shock to the pilot and of dam-
ag’e to tha ‘instruments remains. Two causes of lightning
strokes to airplanes may be distinguished: (1) The airplan~
bccomos part of a channel tht originates zt somo distanco
nway; (2) Tho airplane becomes part. of S chan”ne”l that the
.airpla.nc itself mny have originated.

...— ——

In COnSi.dOrAtiOcn of the first CC,SC7 it nay be noted t“hat ‘“-
pr~sant theories of lightning propagation indicate that _
lightning strokes in particular, leader strokes propagate
themselves as a result of prooesses occurring near the tip
of the leader. Thus, if the airplane. is far from the region

. the lightning: channel originated, itof lti.rge,charges where
would not become part “of the stroke unless .i.twere, by chance,
withia a distance of the chanhel of the ~rder of magnitude of
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the linear dimentiions of t-he airplane itself. On this .

assumption a“ transport airplane flying at normal cruis’ind
speed under the storm of August 15 at th~height of its
activity would have less than one chance” in a thousand

.

of being struck.

The second case would occur in- the vicinity of the
charge concentrations that ordinarily are drained by
lightning strokee. In the high e~ec-tric fields in the

—

vicinity of these charges the. air~lane would develop
.=

corona discharges from parts of its structure with high
curvature. The corona might well develop into a leader
stroke, thus making the airplane a part of the’ stroke that
it aided in originating. The probability of “this.occurrence
cannot. be readily estimated. It cle”arly would be glieatest
in the.re~tons where large charge :c.oncontratiops are de-
veloping and in these regions, d,oub.tless, it would b&- m-oro

--

probabl~ than would be the chanco ’of a lightriihg strike
duo to tho first cause doscribod. .-

,

As a result of these considerations, itiappears’ that
the maximum danger of lightning strokes to airplanes is in
that region where the potential gradient’s are greatest_ and

.

are changing most r_apidl-ywith plane displaceti-ent. F!gures
15 (b) and 16 (b). show that these-regions are Most likely
to occur where the temperature is,betwaon -50C and -25°C.
Since it is not, in general, feasible to---flyover these”

.—.-

regions unless an airplane is equipped with oxyg6n or a-
..—.

pr~ssure cabin, the safest procedure (if flying through
a storm region is inevitable) is to fly as low as tire
character ofih”e terrain permits. It is generally eafer

—.

t-o fly below t-he cloud base away from regions ”where the
rain sheet is heaviest and cloud-ground Strokes are most
frequent. If flying through tiho plo.ud is”nec~ssary, f“ly-

., ing below the level of the O°C isothermal. surface is In-””
.-.

dicatmd.
.- -.

It is of interest to note that radio static due to
corona dischar.gc will be a minimum in those regions ‘just
notod in which flight is safest.

.
CONCLUSIONS

From the time histories of thunderstorm charge dis-
tribution during three storms occurring in the summer of
1940 in the vicinity of t-he Albuquerque airport o%tained

#

—
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from eight synchronized recording electr~m~ters arran~cd
in a particular pattern over a field 1.6 kilometers abovo
sea level, it has been concluded:

.
1. !The”method of obtaining and analyzing electric-al

data described is ade~uate. to deiermine the sign, the
magnitude, and the position of the electric charge or —
charges associated with each stroke.

—

2. The a-verage charge neutralized was 6.5 coulombs ..,--- :
per stroke element and 24 coulombs for a complete light-
ning stroke.

3. The waighted average height of the negative charges
was 5.2” kilometers and of the positive charges was 5.8 kilo-
meters above the surface; that is, the mean vertical separa-
tion of charges was less than 1 kilometer. The heights
actually ranged between 4 arid 7 kilometers and included the
region where the temperature is between -5°C and -25°C.

Lt Horizontal separations between charges involved
in an-~ntracloud stroke varied between 1 and iO kilometers.
The weighted mean value was 3 kilometers.

5. Cloud-ground strokes were observed only on August
15, and all of these strokes transported negative charges
to the grpund. This result is in agreement with those of
previously reported observations.

6e A study of the distribution of charges showed
that it was possible to identify definite regions of
charge that persisted for intervals from 10 to more than
30 minutes. These regions traveled with moving storms
and had approximately the same velocity as the heavier
rain sheets. In the one case when it vas possible to
compare the average velocity of the charge regions with
the average wind velocity at the charge levels in advance ‘“
of the storm, the two velocities agreed within 10 percent.

7, Evidence supplied by the storm of September 10
showed that the negative charges were in the region of the
updraft and that positive charges were displaced upward

.-

and away from the negative charge in this region. Further
evidence was found in the storm of August 15. The negative
regions were coherent and positive charges were found on
both sides of the negative regions. The avidence is con-
sistent with the hypothesis that the more coherent region
was associated with the updraft.



34 IfACA “Technichl Note No. 8“E4

I 8* Cloud-ground st~olces were: mgra frequent in the
earlier stages of the development of an active region of
the thunderstorm. As an active region aged, the lightningf strokes became predominantly or exclusively intracloud.
strokes. The aging was also characteristically assoclatad
with a decrease in stroke frequency,

9. The maximum vertical potential gradients exist~d
immcdiatoly above and below the charge concentrations, and
tho maximum horizontal gradients oxistcd at tho saino Iovol
as tho charges,

10. One of the principal dangers to aircraft in
thunderstorms is the possibility that the craft fray be-
come part of a lightning channel. This possibility is
greatest in regions where the potential gradknts .ar-e
greatwst. The present’ investigation showed that these
regions are most likely to occur where the temperature
iG between -50c and -25°C.

University of New Mexico
Albuquerque, New Mexico, Kay 6, 1942.

.
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.
TABL@ I

STORM 03’AUGUST 15, 1940 - SUMMARY OF CHARGE ANALYSIS.

36

Time
(hr:m(~):sec)

6:28 :21a
:28:21b
:28:21c
:28:21d
:28:21e
:28:55a

:28:55b

:30 :14a

:30:14b

:30:14C

:31:~5a

:31:25c
:31:25d
:33:49a
:33:4911
:33:49C
●33:49d..
:35: 13a
:35:13C

:35:46a
:36:30a

:36:30b
:37:44C
:39:48a

:39:48b

:40:18a

:40:18b

Type
of

stroke
(b)

G
G
G
G
G
c

c

c

c

c

G
G
G
G
G
G
G
G
c

G
c

G
G
c

c

c

c

Charge coordinates

6.6
5.2
6.1
5.7
0.5
4.5
5.6
9.5
5.7
1.3
?.4
9.0
6.7
4.4
6.0
5.9
6.7
7.3
5.8
6.6
5.3
5.0
6.3
4.3
5.0
6.4
0.9
?.5
5.1
7.2
4.0
6.8
6.9
4.8
5.0
5.4
4.3
4.9

—

Y

6.2
6.3
5.?
6.5
9.0
2.5
7.2
3.0
2.5

-0.8
2.0
4.9
4.5
.2*5
3.3
6.2”
6.2
5.3
4.4
5.6
6.5
5.0

‘4.8
4.3
6.2
3.7
0.0
0.8
2.7
5.3
4.5
5.8
7.2
5.6

-0.3
0.7
1.9
4.4

-6.!5
-5.5
-6.5
-E*5
-6.0
7.0

-5.5
6.5

-6.0
7.0

-6.0
6.0

-5.0
7.0

-6.0
-5.5
-6.0
-5.0
-5.0
-6.0
-6.0
-6.0
-5.0
?.0

-6.0
-7.0
7.0

-6.0
-4.0
-4.5
7.0

-6.0
7.0

-6.0
7.0

-6.0
6.0

-5.0

.-

%
magnitude
of charge

4
5 *

4
6
2.5 ~
1,5

2

2.5

10

2.5

12
5
12
6
5
6
4
6
12

5
1

4
4
10

3

6.

1

-“

—.

.—

-.

See footnotes at end of table.
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.
TABLE I (Continued)

STOR~f OF AUGUST 15, 1940 -
. SUMMARY OF CHARGE. ANALYSIS

Time
(hr:m(~):sec)

6:40 :18C

:40:38a

:41: 13a

:41:13b

:41:13C

:41: 52a

~42: 13a

:42: 36a

:43:18b

:44: lla

:44:llb

:45:35a

:45:35h

:46: 26a

:46:26b

:46:26c

:46:46a
:46:46b
:46:46d
:48:20a
:48:20b
:48:20c

Type
of

stroke
(b)

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

G-
G
G
G
G
G

..—

Charge coordinates

x

———
-2.7
5.2

-11.4
6.5
5.3
9.3
2.2
2.1
3.8
3.7
4.?
8.4
3.0
4.0

-7.2
5.0
4.3
5.1
4.0
5.0
6.8”
9.2
‘5.8
7.2
5.5
9.3

-6.3
‘8.0
-3.2
-7.3
-4.7
-9.5
8.8
8.5

- 9.3
8.6
7.3
6.9

Y

8.3
4.1
3.0
6.-0
3.2
2.3
4,3
7.0
2.8
6.1

-0..3
-1.5
6.0
7.9
5.4
3*7
3.1
6.3
6.8
7.7
0.5
2,6
4.6
6.3
2.3
3.2
4.0
4.6
2.6
5.6
2.7
1.6
5.0
1.8
3.2
1.4
5.0
1.2

z.

—

6.0
-5.0
7.0
‘4.5
7.0

-5.0
7.0

-6.0
7.0

-6.0
5.5

-4.5
6.0

-5.0
6.0

-5.0
7?.0
-6.0
6.0

-5.0
6.0

-5.0
7.0

-6.0
7.0

-6.0
6.0

-5.0
6.0

-6.0
6.0

-5.5
-5.0
-5.0
-5.0
-6.0
-5.0
-6.0

Q
magnitude
o? charge

.

2

8

8

5

2

4.8

10

10
.

5

25

5

15

6

8

4

6

2
1
.25
.
J.

1
.3

...

.-

.-

See footnotes at end of table.
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.
TABLE I (Continued)

STORM 03’AUGUST 15, 1940 - SUMMARY OF CEARG3 ANALYSIS.

Time
(hr:m(~):sec)

6:48:20d
:48:20e

:48:20f
:49:02a

:49:39b
:50:05a

:55:05a

:55:05b

:57:18b

:59 :~la

7:Ol:56a

:02:20a

:05:47a

:05:47b

:05:47C

:09:26b

:13:27a

.
:13:27b

Ty~e
of

stroke
(b)

G
c

G
c

G

c!

c

c

c

c

c

c

c

c

c

c

c

Charge coordinates I ‘“-Q “---

x

8.4
5.8
4.8
6.6
5.5
4.7

13.0
6.8
8.0
7.7
9.8
5.8
8.8
8.%
7.7

-1.0
1.1

-0.1
0.7
7.0
7.4
6.3
9.5
7.3
9.7
9.4

10.4
9.5

10.0
-3.4
-4.2
2.?
2.8

Y

2.9
0.5
1.1
2.?
1.1

-0,6
1.6
4.5
5.3
0.7
‘6-L ,
3.3
3.9
4.6
2.1
7.6
8.9
2.0
2.0
3.7
5.2
0.4
0.6
1.1
0.2-
0.0
0.4
0.2

-0.7
9.4
4.0
8.5
8.6

-6*O I
7.0 I

-6.0 “~
-5.0 !
6.0 !

-5.0 ~
-4,5 ,
6.0 ;

-5.0
6.0

-5.0 :
6.0

-5.0 ~
6.0 ;

-5,0
5.0

-4.0
3.5

-3.0
5. 5

-4.5
6.0

-5.5
5.0

-4.0
6.0

-5.0
6.0

-5.0
6.0

-5.0
6.0

[-5.0

1
2

4
12

1
25

10

5“

7

90

20

30

8

6

11

33

4

.—
15

.
(a) Letters indicate particular stroke elements
(b) G, cloud-to-groun~ stroke

-> —-

.

.

—
. ---

.

1

“—.— .—

C, cloud-to-~loud stroke
—.—
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. TABLE II

STORM OF SEPTEXB7JR 3, 1940 - SUMMARY OF CHARGE ANALYSIS
.

.—

!T!ime
(hr:m(~):s.ec)

3:11: 25a

:ll:25b

:15:03a

:15:03b

:15:03C!

:15:03d

. :15:03f

●15: 10a●

:15:10b

:16:26b

:16:26c

:16:59a

:16:59b

:17: 45a

:17:45b

:17:45C
.

:18: 51a -

. :18:51b

Type
of

stroke
(b)

c

c

c

c

c

c

c

c

c

.C

c

c

c

c

c

c

c’

c

Charge coordinates

x

-1.7
-1.4
-4.1
-3.4
-2.3
4.2

-2.8
-2.5
-4.2
-4.8
1.6
4.7
1.0

-2.8
-1.8
-2.1
-5.4
-5.9
-6.8
-5.9
-8.4
-7.0
0.8
1.9

-1.9
-3.8
-0.8
-4.0 -
-7.9
-6.7
-4.0
-2.0
-5.0
-1.2
0.0

-3.8

See footnotes at end of table

10.3
5.9
9.0
6.9

.-4.5
-9.0
-6.0
-3.5
-4.4
-8.0
6.2
8.8
9.0
4.5
6.8
6.9
4.?
2.5
7.0
5.9
4.8
3.7
6.0
%.2
6.2
4.3
8.0
4.0
5.0
4.3
7.0
4.0
5.0
3.8

-4.5
-4.2

z

——

5.0
-5.0
5.0

-6.0
5.0

-5.5
5.0

-5.0
5.0

-5.0
6.0

-5.5
5.5

-4.5
5.0

-5.0
5.0

-6.0
5.0

-6.0
7.0.

-’7.0
5.0

-5.0
5.0

-4.5
5.0

-6.0
‘5.0
-6.0
6.0

-4.0
6.0

-5.5
5.0

-5.0

Q
magnitude
of charge

,.

5

6

5

25

33

8

15:5 ‘“” ““

5

. .

2

.
5

7
..

31

15

2 .“ ‘-–-—

30 —

5

5

13

..—
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. TABLE II (Continued)

STORM OF’SEPTEMB= 3, 1940 - SUMMARY OF CFLLRGE ANALYSIS
. .—

Rime
(hr:m(;):sec)

3:19:OOa

:19:oo11

:19:OOC

:19:56a

:21:42a

:21:42b

:22:12a

:23:29a

:23:49a

:23:49?J

:24:48a

:25:35b

:26:07a

:27:Ola

:2?:29a

:27:29b

:28:Ola

:28:Olb

:28:36a

.

TYP e
of

stroke
(b) —

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

See footnotes at ‘end of

Charge coordinates

x

2.3
4.2
3.1
5.0
0.0
5.0

-0.7
-6.6
-4.5
-8.5
2.9
6.9

-9.8
-8.1
1.1
8.3

-6.0
-3.6
0.4

-1.0
-5.4
-6.0
-1.1
-2.5
1.0
0.5
C.8
1.6
3.s
1.8
3.0
2.0

-6.7
-7.8
-5.3
-8.?
3.8
1.6

table

Y z

6.2 I 5.0
7.3 -6.5
6.4 I 5.G
6.8 -5.0
5.0 5.5
5*CI -5.5
4.7 5.0
7.1 -5*5
4.5 6.0
2.5 -4.5
4.8 5.0
~ 3 -5.0
i:4 5.0
2.1 -’?.Q
3.3 5.5
4.8 -6*G
7.3 6.0
4.0 ‘il.5
8.2 6.0
4.3 -4.5
5.6 6.0
7.9 -5.0
7.3 5.0
9.b -5.0
8.1 5.5
9.9 -5.0
5.3 5.0
7,8 -5.0
3.5 ‘ 6.0
2.8 -5.0
. 6.0

2.6 -5.0
3.3 6.5
4.8 -5.0
5.7 5.0

1

4.8 -5.0
6.7 6.0
9.8 -5.0

Q
magnztude”
of charge

2.5

4

12 .—,-..

1

2

6

6

11

0

27

12

5

.4

1.5

1

1

8

15

100 ,
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.
TABLE II (Continued)

STORM. OF SEPTEMBER 3, 1940 - SUMMARY Ol? CILIRGX!ANALYSIS
●

Tinie

(hr:m(;):sec)

3:29:49a

:31:14a

:31:26b

:31:33a

:32:21a

:35:21a

:35:217)

:36:18R

:38:51a

:40: 34a

:41:48EL

:44:10a

:45:OOa

:45:OOIJ

:47:06a

:4i’:0611

;50:04a

:54:58e

41

.,— ..
I

Type ~ Charge coordinates I Q

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

4.0
3.0

3.0
6.’7

-6.1
-8.0
5.2
3.5
2.9
6.5

-1.0
-1 0i 0’8

[.
I

-6.0
1.0

-lo~

-2.0
-3.5
-5.0
-7=3
-2.5
-6.2
2.2
6.2

-2.0
-0.8
-2.8
-2.3
-2.5
-2.8
3.2
8.5

-l.@
-0.5
-0.6
-0.8—— —

3.7 ~ 6.0
3.7 -4.5
1.9 i60
4.2 -5:0
6.7 6.0
4.3 -6.0
2.2 6.5
1.3 , -6,.5
6.0 t 6.0
8.5 -6.0.
?,5 7.0
9.5 -5,0
5.7
9.0 I -:::
4.0 1 5.5
5.5
4.5
4.5
4.2
4.9
5.0
5.8
3.7
9.8
5.5

10.2
8.0
9.5
4.7
3.5
5.0
7.0
5.6
8.0

-5.0
?.0

-4.5
5.5.

-5*C
5.0

-7.0
6.5

-5*5
5.5

-5.0
6.0

-5.0
5.5
5.0
5.5

-5.0
5.5

-5.0

(a) Letters indicate particular stroke elements

1

50

8 ,

1

2

1.5

$“

3.5

75

100

30

20

2

10

15

25

15

23

. ....

—- . . . u-=

(b) G, cloud-to-grou~d stroke
c, cloud-to-cloud stroke
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.
TABLE III

. STORM Ol? SEPTEMBER 10, 1940 - 5UMMABY OF CEARGX ANALYSIS
— ... .

Time
(hr:m(&):sec)

4:43:47a

:43:4711

:44: 15a

:45:29a

:45:29b

:45:29c

:45:29d

:45:51a

:46: 13a

:46:13%

:48:05a

:48:05b

:48:05c

:50:07a

:50:07b

:50:07C

:50:07d

:50:07e

:50:07f

Type
of

stroko
(b)

——

c

c

c

c

c

c

c

c1

c

c

c

c

c

c

c

c

c

e

c

Charge coordinates

x

6.8
6.0
6.0
6.2
7.0
4.7
6.7
-4.8
4.4
4.3
7.4
5.7
7.4
4.4

-6.5
-9.7
-4.4
-6.4
9.3
5.0
6.1
4.6
7.9
5.7
7.5
4.5
7,2
4.9
9.2
6.0
5.8
4.5
5.3
4.7
7.1
4.4
6.1
2..2

Y

4.5
2.8
2.6
4.5
5.1
4.1
6.0
2.8
7.9
5.3
6.1
3*EI
E.1
3.5

-2.0
-2.2
-3.7 -
-5.6
0;0
4.0
5.1
4.0
2.9
1.8
4.2
1.7
7.7
2.1
0.5
1.0
?.8
2.1
9.0
2.3
7.8
2.1
?.2
2.?

z

6.0
-6.5
6.0

-6.0
6.0

-5.5
6.5

-6.0
6.5

-6.0
6.5

-6.5
6.5

-6.5
5.5

-4.5 “
7.0

-5.5
6.5

-6.0
6.5

-5.5
6.5

-6.0
6.5

-6.0
6.5

-7.0
5.5

-6.0
5.5

-6.0
5.5

-6.0
5.5

-6.0
5.5

-6.0

42

Q
~~gnit~do
of charGe

1

20

15

1

1

1

1

4

1

1

1

1

2

2

4

4

8

See footnotes at end of table.
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TABLE 111 (Continued)

* STORM OF SEPTEMBER 10, 1940 - SUMMARY OF CHARGE ANALYSIS

43

Type
of

stroke
(b)

Charge coordinates Q
Time

(hr:m(~):sec)
magnitude
of chazge

x

~

Y z

I 5.0
3:6 -6.0
8.4 5.0

~::: ~ -g::

70~ i -6.5

74:50:07g

:50:07h

:50:0’7i

:50:07j

●52:12a.

:52:12b

:52:12f

:52:12g

:!52:12h

:52:12i

:52:123

:52:12k

:55:19a

:55:19b

:55:19C

:55:19d

:55:19e

:55:19f

:55:19g

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

2.0
2.7
4.5
1.7
3.9
1.8
3.?
0.4
4.4
4.2
10.1
6.3
9.2
5.3

10.2
5.6
9.7
6.3
8.6
4.8

-3.0
-1.5
3.1
2.3
6.2
4.7
6.8
4.0
4.2
3.4
4,0
‘%.2
5.3
5.1
5.5
4.5
5.9
4.4

7
.——

4

10.3
8.1
6.9
3,0
0.0
0.3
4.0
2.1
1.4
2.0
2.?
1.2
0.0
1.3
5.0
3.0
6.1
4.4
3.3
2.8
6.3
4.5
6.6
3.4
7.2
5.1
6.9
4.3
6.1
3.6
4.8
2.4

5.0
-6.5
.5.0
-,6.5
6.5

-6,5
6.5

-~.~

6.0
-6.0
6.0

-5.5
6.0

-6.0
5.5

-6.5
5.5

-6.0
5.5

-6.5
5*5

-6,0
5,0

-6.5
,5.0
-6.5
5.5

-6.5
5.5

-6.5
6.5

-6.5

2

——

2

1

2

4

4

9

-.

2

4

2

2

2

2

. .

2

4

See footnotes at end of table.
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. TABLE III (Continued)

STORM OF SEPTEMBER 10, 1940 - SUMMARY OF CHARGE ANALYSIS
.

Time
(hr:m(~):sec)

4:55:19h

:55:19i

●55:19j.

:55:19k

:55:191

:55:19m

:55:19n

●56:02a.

:56:02b

:56:02c

●56;02d*

:57:41a

:57:41b

:57:41C

:57:41d

:57:41e

:57 :41f

:57:41g.

Type
of

stroke
(b)

c

c

c

c

c

c

c

c

c

c

c

c

‘c

c

c

c

c

c

Charge coordinates

x

7.0
5.7
8.4
5.8
4.6
3.5
4.0
3.0
6.1
2.1
5.5
2.5
3.9
0.3
5.7
4.8
6.3
5.2
4.5
4.0
3.8
3.5
8.3
5.6
8.3
5.8
7.8
5.2
8.3
4.6
5.2
3.8

-3.0
-1.0
-3.8,
-9.3

.—

Y

4.0
2.5
5.0
2.3
7.0
7.0
5.0
3.0
4.0
4.3
4.5
4*CI
6.3
5.2
3*7
2.6
6.5
3.5
5.8
3.5
6.0
3.0
1.8
0.5
4,3
2.4
6.3
3.0
4.8
3.2
8.3
4.1
6.0
4 ,4
-2.8
-4.8

z

7.0
-6.5
6.0

-6.5
5.5

-6.5
6.5

-6.0
6.5

-6.0
6.5

-6.0
6.5

-6.0
6,0

-6.0
6.0

-6.0
6.0

-6.0
6.5

-6.0
5.5

-6.5
6.0

-6,5
5.5

-6.5
6.0

-6.0
5“.5

-6.5
6.0

-5,5
5,5

-5.5

44

Q
magnitude
of charge

4

40

20

4

2

2

2

1.5

1.5

1.5

1.5

8

S.._.

5.

5

5

2 —

7

See footnotes at end of table.
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. TABLE III (Continued)

STORM OR SEPTEMBER 10, 1940 - SUMMARY OF CHARGE ANALYSIS
. —

Time
(hr:m(;):sec)

5:Ol:51a

:01:51%

:01:51C

:Ol:51d

:Ol:51e

:ol:51f

:ol:51g

:03:22a

:04: 17a

!Type
of

stroke
(b)

c

c

c

c

c

c

c

c

c

Charge coordinates

x

7.8
5.0
9.2
5.5
5.4
3.2
7.6
5.0
8.4
3.8
3.9
3.1
0.9
3.8
7.8
4.5
5.2
4.8

Y

4.9
2.0
3.2
1.2
7.5
2.4
5.3
3.3
6.3
2.7
8.6
4.2

10.3
3.’7
6,2
2.9
9.5
3.6

z

505
-6.5
5.5

-6.0
5.5

-6.0
5.5

-6.6
5.0

-5.5
5.0

-5.5
5.0

-5.0
5.5

-6.5
4.5

-7.0

(a) Letters indicate particular stroke elements

—

Q
magfiitude
of charge

..—

2

10

1.5

10

,7

2

3

—

(b) G, cloud-to-ground stroke.
c, cloud-to-cloud stroke.
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TABLE IV

HEIGHTS OF ISOTHERMAL SURl?ACES AND CLOUD BASES

Storm I August 15

s Tempera-
ture
(“c)

Surface
I

29.4

ICloud Base 4.2

0
-5

-10
-15
-20
-25

Eleva-
tion
(km)

0

2.4

3.2
4.05
4.8
5.5
6,2
6.9

Se~tember 3

Tempera-
ture
(“c)

23.9

5.7

0
-5

-10
-15
-20
-25

Eleva-
tioil
(km)

0

1.75

2.7
3.65
4.4
5.2
5.95
6.7

September 10

T!ABIIEV

CHARGE HEIGHTS AND CLOUD !PEMPZRA!IURES

Tempera- 21eva-
ture tiorl
(Oc) (km)

-.

1?.2 0

9.8 1.4

0 3.3
-5 4.15

-10 4,95
-15 5.7
-20 6.4
-25 7.1

Storm

August 15

September 3

September 10

Mean Mean Temperature
height height range in

po8itive negative charge region
charge charge
(km) , (km) (4-7 km)

5.8 I 5.0 I -5° to -25°C
I I

_M_-L3-.l. ’70‘0 ‘“”c -
5.7 6.2

I
-4° to -x940(3



.

.

Height
(km)
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TABLE VI

WIND VELOCITIES AND DIRECTIONS AT 3:00 p.m.

0.0
.5

1.0
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5

10.5
11.5
12.5
13.5
14.5

August 15

Velocity
(m/see)

03
04
04
06
03
03
06
05
03
o?
11
14
16
06
07
09
08

Direc-
tion

SW
w
Wl?w
WI
NNE
N
NNW
NNE
v
w
N?{
WNW
Nw
NNW
Iiw
NNE
N

September 3

Velocity
(iu/see)

03
03
.02
05
05
07
10

3irec-
tion

WI?%’
NW
w
wNi?
ViNW
Wsw
v Sw

September 10

Velocity
(m/see)

11
11
06
04
05
08
07
10
11
19
22
26
,26
32
36
20

Direc- ““
tion

llSE
ESE
5X
Wsw
w
w
NW
Wi!Tlf
w
u
w
w
w
w
v
w
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E,

.

.

L “

/

E
L
R
s

Mgure 1,.

Electrode
Lid
Recording apparatus .-
Pivot for L (vertical shaft)

Typioal field-apparatus installation.



NAM L’ethnicalNote No.

B

A

.

.

Fig. 2

(a) Occurring in loss than .01 second

.
Figaro 2.- Responses of recording

Kurle

apparatus to potontial-gradient chanSos.

I

.—

~..__ ;___. _... _ . . ..-_. ._... -- -
D 3’

(b)Occurringin t>>.01 second

Tim
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.

,

.

E!2E!Em
Figure 6.- Three convex

surfaces for
100-coulomb charges at
altitudes of 3,4, and 5
kilometers.

Figure 3.- Contact prints o
for characterist

occurring during lightning
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Figure 4.- Analyzer for’determining oharge structure
producing any given set of gradients at the
recording instruments.
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STORM: AUG.15,1940
TIME: 6M2

INTERVAL: 6 MIN.
Figure 9 (a to e).-

(a) 6:3S.
Vertioaldistributionof oharges at 8-minute
intervalsfor storm of Auguet 1!5,1940.
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DISTRIBUTION OF VERTICAL GRADIENTS the surfaoe.

Figure Mb.- Two 83*oUcub obargea of opposite 816n at 5 md 6
OIHRIBUTION OF VERTICAL 6RA01ENTS kilometers abovo the mrfaoe, re#peatlvely.
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Figure 16a.- A single 33-ooulombclu%rge●t 5
DK3TRIBUTKIN OF WIZONTAL ‘ GRAOIENTS kilometers above the eurfaoe.
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Figure Mb.- TUO3340ulo* ohsrges of o~aite sign at 5 and 8
DISTRIBUTION W HOMZUtTALGKMDENTS kAlometeraabore the auxfaoe,respectIvely.


